AD

Award Number: DAMD17-03-1-0724

TITLE: Osteoblast-Derived PTHRP and Breast Cancer Bone Metastasis

PRINCIPAL INVESTIGATOR: Andrew Karaplis, M.D., Ph.D

CONTRACTING ORGANIZATION: McGill University
Montreal, Canada H3A2T5

REPORT DATE: November 2004

TYPE OF REPORT: Final

PREPARED FOR: U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

DISTRIBUTION STATEMENT: Approved for Public Release;
Distribution Unlimited

The views, opinions and/or findings contained in this report are those of the author(s) and
should not be construed as an official Department of the Army position, policy or decision
unless so designated by other documentation.



REPORT DOCUMENTATION PAGE

Form Approved
OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the
data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing
this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-
4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently
valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE
November 2004

2. REPORT TYPE
Final

3. DATES COVERED
2 SEP 2003 - 1 SEP 2004

4. TITLE AND SUBTITLE

Osteoblast-Derived PTHRP and Breast Cancer Bone Metastasis

5a. CONTRACT NUMBER

5b. GRANT NUMBER
DAMD17-03-1-0724

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S)
Andrew Karaplis, M.D., Ph.D

Email: akarapli@Idi.jgh.mcgill.ca

5d. PROJECT NUMBER

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

McGill University
Montreal. Canada H3A2T5

8. PERFORMING ORGANIZATION REPORT
NUMBER

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES)

U.S. Army Medical Research and Materiel Command

Fort Detrick, Maryland 21702-5012

10. SPONSOR/MONITOR’S ACRONYM(S)

11. SPONSOR/MONITOR’S REPORT
NUMBER(S)

12. DISTRIBUTION / AVAILABILITY STATEMENT
Approved for Public Release; Distribution Unlimited

13. SUPPLEMENTARY NOTES

14. ABSTRACT

attached

15. SUBJECT TERMS-

16. SECURITY CLASSIFICATION OF:

a. REPORT b. ABSTRACT
U ]

c. THIS PAGE
0]

17. LIMITATION
OF ABSTRACT

uu

18. NUMBER
OF PAGES

19a. NAME OF RESPONSIBLE PERSON
USAMRMC

19b. TELEPHONE NUMBER (include area
code)




REPORT DOGUMENTATION PAGE O

Public reporting burden for this coilection of information is estimatad to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining
the data needed, and completing and reviewing this collection of information. Send commants regarding this burden estimate or any other aspect of this collection of information, including suggestions for
reducing this burden to Washington Headquarlers Services, Directorate for information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of
Management and Budget, Paperwerk Reduction Project (0704-0188), Washington, DC 20503

1. AGENCY USE ONLY (Leave blank) 2. REPGRT DATE 3. REPORT TYPE AND DATES COVERED
MagX XXX Nov 2004 Final Progress Report 2003-09-02 to 2004-
05-01
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS

Osteoblast-derived PTHRP and breast cancer bone metastasis DAMD17_03_1_0724

6. AUTHOR(S)
Dr. Andrew C. Karaplis

7. PERFORMING ORGANIZATION NAME (S) AND ADDRESS (ES) 8. PERFORMING ORGANIZATION
Sir Mortimer B. Davis - Jewish General Hospltal REPORT NUMBER

Lady Davis Institute for Medical Research
3755 Cote Ste. Catherine Road

Montreal, P.Q., Canada H3T 1EZ2

E-Mail: gwendichfjgh.mcgill.ca

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING 7 MONITORING
AGENCY REFORT NUMBER

U.S. Army Medical Research and Materiel
Command
Fort Detrick, Maryland 21702-5012

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION / AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE
Bpproved for Public Release; Distribution Unlimited

13. ABSTRACT (Maximum 200 Words)

Metastases to bone, 1lung, and other organs are common and catastrophic conseguences of
breast cancer progression. There 1s therefore an urgent need to improve current therapies
that address cancer growth and spread. Parathyroid hormone-related protein {PTHrP, also
referred to as parathyrold hormone—-like protein [PTHLP]) is a secreted factor expressed in
almost all normal fetal and adult tissues, acting as an autocrine, paracrine, or intracrine
factor in a wide range of developmental and physioclogical prccesses. Althocugh PTHrP"s
dysregulated expression has traditionally been associated with oncogenic pathologies as the
major causative agent of malignancy-associated hypercalcemia, recent evidence revealed a
driving role in skeletal metastasis progression. Here, we demconstrate that PTHrP is also
closely involved in breast cancer initiation, growth and metastasis to bone and lung through
mechanisms separate from its bone turnover action, and we suggest that PTHrP as a
facilitator of oncogenes could serve as a novel target for therapeutic intervention.

14. SUBJECT TERMS PTHr?, Breast Cancer, Bone and Lung Metastasis, 15. NUMBER OF PAGES
Floxed mice, MMTV-PyMT transgenic mouse model 49

16. PRICE CODE

17. SECURITY CLASSIFICATION | 18. SECURITY CLASSIFICATION | 19. SECURITY CLASSIFICATION 20, LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT
Unclassified Unclassified Unclassified Unlimited
NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)

Prescribed by ANSI Std. 239-18
293-102




TABLE OF CONTENTS

Reportable OULCOmMES. i ittt it it it e it e et e mac e aeaeneanan

LT3 I G 1 T o ) o = 5P '

ey o Lot 2= S D ;

N oy L= o Lo B o G



INTRODUCTION

Parathyroid hormone-related protein (PTHrP) 1is a secreted
factor expressed in almost all normal fetal and adult tissues. It
is involved in a wide range of developmental and physioclogical
processes, 1ncluding serum calcium regulation. PTHrP 1is also
associated with the progression of skeletal metastases, and its
dysregulated expression 1in advanced cancers causes malignancy-
associated hypercalcemla. Although PTHrP is frequently expressed
by breast tumors and other sclid cancers, i1ts involvement in tumor
initiation and metastasis in vivo 1s not clear.

BODY

PTHrP 1is expressed in normal epithelial cells but its
expression increases 1n breast cancer and beccmes associated with
rmultiple metastatic lesions and reduced survival. It is, however,
still unknown whether PTHrP overexpression is simply a consequence
of tumor progressicn, or whether it 1is mechanistically linked to
the tumor progression process from initiation to metastasis. In
order to shed light on this relaticnship, we ablated the Fthrp
gene in mammary epithelial cells and determined the consequences
of this ablation on tumor initiation, growth and metastasis
(1) {Bppendix 1).

Toward this objective, we used a model in which Pthrp is
specifically excised in mammary epithelial cells using the cre-
loxP system. In the MMTV~-PyMT transgenic mouse model, expression
of the onceprotein polyoma middle T antigen (PyMT) is under the
control of the mouse mammary tumor virus long terminal repeat
(LTR) and 1its expression 1s restricted to the mammary epithelium
and absent from myocepithelial and surrounding stromal cells. PyMT,
when overexpressed 1n the mammary epithelium c¢f transgenic mice,
it acts as a potent oncogene. Mammary hyperplasia can be detected
in this animal model as early as 4 weeks of age. The hyperplasia
then progresses to adenoma 1in 6 weeks, to early carcincma in 9
weeks and tc late carcinoma 12 weeks, with pulmonary metastasis
present in 100% of animals. The MMTV-PyMT mouse model of breast
cancer 1s characterized by a high incidence of lung metastasis
with highly reprcducible progression kinetics. Although PyMT
transgenic mice do not develcop bone metastasis per se, metastatic
cells are found in the bone marrow relatively early and continue
to grow in later stages without evidence of bone metastasis.



Disruption of the Pthrp gene in the mammary epithelium of the
PyVMT transgenic mouse model produces mice that are homozygous
(PyVMT~Pthrpflox/flox) or heterozygous (PyVMTPthrpflox/+) for the
floxed Pthrp allele. Both groups of animals possess two active
Pthrp alleles, whether flanked by flox sequences or not. These
mice were crossed with a separate strain expressing Cre
recombinase under the control of the MMIV promoter that targets
Cre expressicn to the mammary epithelium. Excision of flox-
bordered essential Pthrp seguences renders the gene nonfunctional.
The resulting nomozygous mice (PyVMT-Pthrpflox/flox; Cre+)
therefore express nc PTHrP in the mammary epithelium, while the
heterozygous mice (PyVMTPthrpflox/+,;Cre+) present lowered lavels
of PTHrP expression. -

A significant consequence of reduction or elimination of
PTHrP expressicn 1n the mammary epithelium of the offspring is a
marked delay in tumor onset. 100% of control animals (normal PTHrP
levels} present tumors by day 55, while heterczygous (PTHrP
haploinsufficiency) and homozygous animals {absent PTHrP) reach
this percentage by days 77 and 85, respectively. Metastatic spread
to lungs was similarly reduced independent of tumor size,
1llustrating the crucial importance of ablating PTHrP signaling to
prevent breast cancer progression and metastasis.

Other Cre/lox studies indicate ablation of floxed sequences
in only 90% of the cells, leaving 10% of the cells to potentially
express the knock-out protein. In order to overcome the problem of
residual  PTHrP expression, we isolated cells from PyVMT
Pthrpflox/flox;Cre— tumors, transfected them with an adenoCre-GEP
{or control adenc-GFP) construct, subcultured the cells and
purified them by flow cytometry to cbtain pure populations cof Cre+
(or control Cre-) cells with complete or no Pthrp ablation. When
these cells were transplanted into the mammary fat pad cf healthy
syngeneic mice, tumor onset was significantly delayed post-tumor
implantation in adenco~Cre animals compared to adeno—-GFP controls.
Tumor growth was also significantly delayed in the adenoCre mice.
Metastatic tumor cells were detectable 1in the bone marrow of
adenoCre animals during killing, confirming that this model can be
used to examine natural progression of breast cancer from the
primary site to the skeleton.

The ablation of Pthrp was also observed to inhibit GO/Gl to S

transition in tumor «<cells, to enhance tumor cell apoptosis
(increased TUNEL staining and decreased Bcl-2 expression) and to
decrease Aktl and increase AktZ expression. The reduction in

metastases may have been related to reductions in the expression
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of CXC chemokine receptor 4 and of angicgenesis. Finally, a
blocking antibody to PTHrP, inhibited primary tumor growth and
lung metastases in a xenograft model.

KEY

RESEARCH ACCOMPLISHMENTS

Demonstrated in mice the pleiotropic involvement of PTHrP in
key steps of breast cancer initiation, proegression, and
metastasis

The MMTV-Cre transgene was used to target the Pthrp gene in
mouse mammary epithelial cells

Loss of PTHrP expression did not affect tumor incidence, but
it did dramatically prolong tumor latency, slow tumor growth,
and reduce metastases in lung and kone

Restraint of tumor growth correlated with reduced
proliferation and increased apoptosis, due to alteraticns in
cyclin D1, protein kinase B 1 and 2, and B-cell lymphoma 2

expression

The reduction in metastases was related to reductions in the
expression of CXC chemokine receptor 4 and the inhibiticn of
angiogenesis

A blocking antibody to PTHrP inhibited primary tumor growth
and metastases in a xenograft model.

REPORTABLE OUTCOMES

Li, J., Karaplis, A.C., Huang, D.C., Siegel, P.M., Camirand,
A., Yang, X.F., Muller, W.J., and Kremer, R. 2011. PTHrP
drives breast tumor initiation, progression, and metastasis
in mice and is a potential therapy target. J Clin Invest
121:4655-4669.



¢ Kremer, R., Li, J., Camirand, A., and Karaplis, A.C. 2011.
Parathyroid hormone related ©protein (PTHrP) in  tumor
progression. Adv Exp Med Biol 720:145-160.

CONCLUSIONS

We have shown that PTHrP 1is involved 1n breast cancer
initiation, growth and metastasis. Our findings suggest that PTHrP
plays a role in a number of critical checkpoints for PyVMT, which
points to a novel role as a facilitator of oncogenes  and
emphasizes the iImportance of attempting 1ts targeting for
therapeutic purposes (2) (Appendix 2).

The clinical relevance of this work in mice was more recently
substantiated in humans. 1In work published in Nature Genetics,
Ghoussaini and colleagues combined several datasets encompassing
70,000 patients and 68,000 controls in order to perform gencome-
wide association studies to identify new breast cancer
susceptibility loci {3). One of the three new loci they
identified, rs107713%9%, was 1in a 300 kb 1linkage disequilibrium
bplock that contains only cone gene, PTHLH (PTHRP). If the PTHLH
gene 1s confirmed to be causal in resequencing studies ocf the
rsl10771399 locus, the animal studies described in the present work
will be instrumental in understanding how PTHrP might alter
disease susceptibility (4).
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tumor initiation, progression, and metastasis in mice and is a
potential therapy target. J Clin Invest 121:4655-4669.
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PTHrP drives breast tumor initiation,
progression, and metastasis in mice
and is a potential therapy target

Jiarong Li,' Andrew C. Karaplis,?2 Dac C. Huang,? Peter M. Siegel,® Anne Carnirand,*2
Xian Fang Yang,! William J. Muller,® and Richard Kremer!

‘Department of Medicing, McGill University Health Centre, Montréal, Quebec, Canada. *Lady Davis Institute for Medical Research,
Jewish General Hospital, Montréal, Quebes, Canada, *3oodman Cancer Research Centre, McGill University, Montréal, Quebec, anada.

Parathyroid hormone-related protein (PTHrP) is a secreted factor expressed in almost all normal fetal and
adult tissues. It is involved in a wide range of developmenral and physiological processes, including serum
calcium regulation. PTHrP is also associated with the progression of skeletal metastases, and its dysregulated
expression in advanced cancers causes malignancy-associated hypercalcemia. Although PTHxP is frequently
expressed by breast tumors and other solid cancers, its effects on tumor progression are unclear. Here, we
demonstrate in mice pleiotropic involvement of PTHxP in key steps of breast cancer — it influences the ini-
tiation and progression of primary tumors and metastases. Pthrp ablation in the mammary epithelium of
the PyMT-MMTV breast cancer mouse model caused a delay in primary tumor initiation, inhihited rumor
progression, and reduced metastasis to distal sites. Mechanistically, it reduced expression of molecular mark-
ers of cell proliferation (Ki67) and angiogenesis (factor VIIT), antiapoptotic factor Bcl-2, cell-cycle progres-
sion regulator cyclin D1, and survival factor AKT1. PTHrP also influenced expression of the adhesion factor
CXCR4, and coexpression of PTHrP and CXCR4 was crucial for metastatic spread. Importantly, PTHrP-spe-
cific neurralizing antibodies slowed the progression and metastasis of human breast cancer xenografts. Our
data identify what we believe to be new funcrions for PTHrP in several key steps of breast cancer and suggest

that PTHrP may constitute a novel target for therapeutic intervention.

Introduction

Merastases to bone, lung, and other organs are common and cata-
strophic consequences of breast cancer progression; most patients
do not die from the primary tumor, but because of cancerous
invasion to distal sites (1, 2). Once breast cancer metastases are
established in bone or lung, the condition is generally considered
incurable. There is therefore an urgent need to improve current
therapies that address cancer spread, and an ideal solation will
targer upstream signaling molecules to prevent compensatory
mechanisms that can resuic from blockade of individual down-
strearn signaling points (3, 4).

Parathyroid hormone-related proein (PTH(P, also referred to
as parathyroid hormone-like protein {PTHLP]) is a secreced fac-
tor expressed in almost all normal fetal and adult rissues. The 13
N-terminal amino acids of PTHP are highly homologous to these
of parathyroid hormone (PTH}, a characteristic thar allows PTHrP
to act through the cype 1 PTH receptor (PTH1R) (5). The rest of
the PTHrP aminc acid sequence is unique, however, and confers ro
the molecule many properties resulting from signal transduction
cascades and noclear rranslocation distinct from those of PTH (6).
PTHrP acts as an autocrine, paracrine, or intracrine factor ina wide
range of developmental and physiclogical processes (7, 8), it has
growth-promoting and antiapoptotic properties (6), and it playsa
crucial role in the development of the mammary gland and skeletan
(8-10). Of special interest is the association of PTHrP with onco-
logic pathologies such as breast cancer (11, 12) and lung {13-15),
prostate (16-18), renal {19), colorectal (20-22), skin (23, 24),

Conflict of interest: The authors have declared that no conflict of interest exists.
Citation for this arricle: ] Clin Favest. 2011;123(12):4655-4669. dot: 10.1172/]C146134.
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and gastric carcinomas (25, 26). Circulating levels of PTHeP gener-
ally correlate with the more advanced stages of cancer (20, 27-32),
and PTHrP regulates the expression of several tumor-relevant
genes {33). Despite the frequent association of PTHIP dysregula-
tion with many tumor types, a precise and direct role for PTHrP in
cancer development and progression has been difficult to prove,
and its involvernent n turnor initiation in vivo and in critical steps
of malignant conversion is noc clear.

Here, we demonstrate PTHrP implication in key steps of breast
cancer initiation, progression, and merastasis, We show that
PTHrP plays a major role in stimulation of breasr cumor growth
raves and merastartic spread to distal organs through its effects
on several crucial control melecules, including prosurvival signal
molecule AKT and chemokine recepror CXCR4.

Results

Pihirp ablation occurring after birth allows novmal mammary development.
To clarify the role of PTHrP in tumorigenesis, the human breast
cancer mouse model PyMT-MMTV (where the mT oncogene drives
oncogenic transformarion; ref. 34) was used ro generate animals
with a Cre-loxP-mediated (35) hetero- or homozygous Pifrp gene
ablation specifically rargered to the mammary epithelium {ME)
(Supplemental Figure 1, A and B; supplernencal material available
online with this arricle; doi:10.1172/JCI46134D51). All animals
used in the present study were confirmed by marker analysis to pos-
sess more than 99% FVB/N] background. In standard PyMT-MMTV
animals, turnors appeared spontaneously, approximacely 100% of
these tumors expressed PTHrP (35 tumors tested by RT-PCR),
and thetr PTHrP expression increased with age (Figure 14). In con-
trast, in Pihrp-ablated animals, spon taneous breast tcumors showed
Decermber 2011 4655
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Figure 1

Cre-mediated Pthrp ablation in ME allows normal mammary devel-
opment. (A) Confocal images of |IF staining with anti-PTHrP anti-
body in spentaneous breast tumors from standard PyMT mice and
Woestern blot quantification showing increasing PTHrP expression in
these tumors with respect to age. (B} Confocal images of IF stain-
ing for DAP! (blus) and PTHrP (grsen} in tumor tissues from contral
{Pthirpfotio Cre~ and PthrpW,Cre*), heterozygous (Pthrpiex;Cre+),

and homozygous {Pthrp®¥#ex:Cre) transgenic animals showing incre- -

mental decrease in PTHrP expression with allele ablation. Lower
panel: Wastern blot quantification for PTHIP expression in tumors from
the various genotypes. {C) Confocal images of [F staining with DAP}
{blue), Cre recombinase (green), and PTHrP {red} showing colocal-
ization of Cre and PTH:P. (D) Whole-mount staining analysis (Neu-
tral Red) of mammary glands showing ductal outgrowth at 3, 5, and 7
weeks for control, heterozygous, and homozygous femate virgin mice.
(E} Weslern blot of PTHIP expression in mammary glands of virgin
7-week-old mice. Scale bars: 50 um (A—C); 5 pm (D).

incremental reduction in PTHrP expression from Pthyp/fe=iflaz;
Cre™ (control} to Pehrp/*:Cre* (heterozygous) to Pehrpflosfor. Cree
(homozygous) {(Figure 1B). Pthyp¥ ¥ T.Cre* animals were gener-
ated to test potendal artifacrual side effects caused by expression
of Cre recombinase, but showed no difference from other controls
throughout all experimenes.

When tumor cells were culrured in vitro, radioimmunomer-
ric assays for PTHrP in che conditioned medium indicated low
residual expression of PTHrP in homozygous zblated cells as fol-
lews: Cre~ control cells, 178.7 + 33.6 pg/ml; Cre* tumor-derived
cells, 10.1 £ 2.3 pg/ml; mean = SD, n = 13 and 10 mice, respec-
nvely. In turnor-bearing mice, circulating PTHrP was underect-
able, and calcium serum concentrations were not significantly
different between conrtrol {2.28 1 0.39 mmol/Ij and Prhrp-ablated
mice (2.23 £ 0.23 mmol/I).

PTHrP expression in the normal gland was localized both in
luminal epithelial cells and in myoepichelial celis {Supplemental
Figure 2, A-C, and ref. 36). PTH1R expression was unaffected by
Prhrp ablation (Supplemental Figure 3).

Immunofluorescence (IF) staining confirmed Cre expression
in the luminal epithelium of contrel mice {Figure 1C}. The Cre
gene was expressed under the coatrol of the MMTV-long termi-
nal repeat (MMTV-LTR), and ics expression was detectable from
6 days posrpartum (37). Pthrp ablation therefore occurred after
birch, and mammary glands from 3-, 5-, and 7-week-old virgin
fernales presented normal ductal outgrowth as well as normal lac-
tation capacicy with no detectable differences arnong genotypes
{Figure 1D). PTH(P in the mammary gland was substancially
reduced in 7-week-old homozygous mice in comparison with
control animals {Figure 1E). These data show that ME-targeted
Ptbrp deletion can be achieved without hindering normal mam-
mary gland development.

Prhrp ablation delays breast cancer initiation and primary tiumor pro-
gression. Tumor hyperplasia was detectable in the mammary gland
of control animals as early as 27 days afrer birth, adenomas were
visible by 35 days, and early adenocarcinomas were visibie by day
43 (Figure 2A). In contrast, ablation of both Pebrp alleles signifi-
cantly delayed tumor iniciation (Figure 2A). Tumor growth over
time was reduced in homozygous Pthrp®*,Cre* animals in com-
parison with Pehrpfesffe:Cre- and Pebrp¥T;Cre* controls (Figure 2B),
and tumor weight/mouse at sacrifice (13 weeks) was 70% Jower
in ablated animals than in controis {Figure 2C). While 100% of
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control mice presented palpable tumors (2-mm diarmeter) around
day 55, heterozygous and homozygous animals reached this pet-
centage by days 75 and 92, respectively (Figure 2D}. Homozygous
mice reached tumor size requiring humane sacrifice ar a much
later age than conmrel and hererozygous mice (Figure 2E). Tumors
from hetero- and homozygous mice were 50% and 75% smaller
than their respective Cre™ controls, and there were 35% and 60%
fewer tumors in heterozygous and homeozygous mice at 13 weeks
(Figure 3, A and B, and Supplemental Table 1}. The expression of
Cre was not involved in the changes observed in rumor delay, as
demonstrated by the Pthrp¥T:Cre” controls, which did noc differ
from the other controls (Figure 2, B-E, and Figure 3, A and B).
These results show that ablation of the Prhrp gene in the ME of
PyMT-MMTV mice significantly delays primary breast cancer
initiation events, even before mumors reach a palpable stage, and
reduces their subsequent growth.

More complete Pthrp ablation by Cre-carrying adenovirus further delays
breast cancer initiation and progression. Because some residual PTHrP
expression was detectable in approximately 20% of primary tumors
from PhrpfefosCre” animals (Figure 1B), a more complete Pthrp
knockoutwas achieved by rransfecting isolated cells from: Pehrpfiox/flor;
Cres, Pehrpfox;Cre” and Pthrp¥7 rumors with an adenovirus con-
taining a CreGFP sequence or with a control adenovirus contain-
ing GFP only. Transfected adenoGFP control or adenoCre” celis
purified by cell sorting were transplanted into che fourth mam-
mary fat pad {MFP) of healthy FVB syngeneic mice {S x 105 cells).
PTH(P expression was eliminated in the adenoCre*-derived tumors
{Figure 4, Aand B), turnor volume was gready decreased (Figure 4C),
and tumor load atinjection site was dramatically reduced (Figure 4,
D and E}. These resulrs show that more sttingent Prbrp ablation
conditions enhance cumor inhibicion. )

Pihrp ablation modifies cell-cycle, apoptosis, and angicgenesis events.
Decreasing PTHrP expression reduced Ki67 (cell proliferation), fac-
tor VIII (angiogenesis), and cyclin D1 staining (Figure 5, A and B).
Propidium icdide flow cytometryanalysis revealed rhat 53.7% % 1.19%
af control Peorp=/fo5Cre~ remained in Go/G; compared wich
71.32% + 3.70% of homozygous PthrpeeCre'. In contrast,
18.34% + 1.80% of conrrol Pthrpfesfiex; Cre- and 8.10% + 4.00% of
homozygous Prhrp™=fe=Cre* tumor cells were in Siphase, an obser-
vation consistent with the cyclin D1 decrease {not shown). Impor-
rancly, in cultured cells isolated from rumeors, cyclfn D1 expression
colocalized specifically with cells that escaped PTHrP ablation
{Figure 5C), suggesting thart in this syscem, PTHP is crucial
for cyclin D1 expression. Pthrp ablation was accompanied by an
increase in TUNEL apoptoetic staining in tumors and tumor-
derived culcured cells (Figure SD) and by a decrease in Bel-2 expres-
sion (Figure 5B). Western blots showed no difference in expression
levels for factor VIIL, cyclin D1, and Bcl-2 between Prbrpfefes Cre-
and Pthrp¥"TCre* controls (Supplemental Figure 4), indicating that
decreases in signaling molecule levels can be attiibuted o Prbrp
ablacion, Overall, these data indicare a pleiotropic effect of PYH:P
in cell-cycle, apoprosis, and angiogenesis events.

PTHrP is involved in CXCR4 and AKT expression control. Pthrp
ablaricn was accompanied by inhibition of metastasis marker
CXCR4 expression in primary breast tumors of the same size
(controls: 13 weeks; homozygous animals: 18 weeks; Figure 6,
A and B). Furthermore, CXCR4 in ceils isolated from primary
tumors appeared exclusively in cells that avoided Ptbrp ablarion
{Figure 6B). Pehrp ablation also decreased AKT1 total protein and
increased rotal AKT2 in tumor tissues (Figure 6, C and D), and
4657
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Figure 2

Pihrp ablation delays breast cancer initiation and progression. {A) H&E staining of breast tissuss from control {Pthrpfoxiios;Cre~y:and homozygous
(Pthrpte=iex.Cre+} animals at 27, 35, and 45 days. Hyperplasias (arrowheads) are not detectable in homozygous animals before 45 days. Scale
bars: 200 pm, (B} Tumor volume over time for control (Pthrpfexfiex:Cre- and Pthrp®’;Cre*) and homozygous mice {Pthrpfositox Cret) showing that
the delay in tumor growth is not related to the expression of the Gre gene. Inset: early time points. Values shown represent mean = 8D, n =12

mice per group. ***P < 0.001. {C} Tumor weight per mouse at sacrifice {

13 weeks) for control and homozygous animais. Values shown represent

mean = S0, n = 12 mice per group. ***P < 0.001. (B} Kaplan-Meier analysis of tumer onset for mice of all genotypes illustrating allelic effect for
Pthrp ablation, (E) Kaptan-Meier analysis showing that conirol mice reach age requiring sacrifice much earlier than hoemozygous animals.

most residual AKT1 colocated with residual PTHrP in Cre* cul-
cured cells isolated from tumors (Figure 6E). Again, the expres-
sion of Cre was not involved in changes seen for AKT or CXCR4
{Supplemental Figure 4). Phosphorylation of AKT1 (Ser473)
was also inhibited by Pthrp ablation (Figure 6F). siRNA experi-
menss targering AKT1 effectively decreased its levels in control
{Cre”) and Pthrp-ablated (Cre’) tumor cells (Figure 7A). Cell pro-
liferation was reduced by 38.9% = 8.0% by Pthrp ablation alone
(Figure 7B), by 46.7% + 4.1% through AKT1 knockdown alone,
and by 80.2% + 2.2% in Pthrp-ablared cells combined with AKT1
siRNA. These data indicate that PTHrP is involved in the concrol
of expression of survival molecules AKT1 and AKT2 and of the
chemokine receptor CXCR4.

4658 The Journal of Clinical Invesdgation

PTHrP drives merastatic spread to peripheral blood, bone marrow, end
lungs, and distal metasiases comprise PTHyP/CXCR4 déuble‘pajitiuc cefls.
Celis from control tamors possessed maore than twice the Marrigel
invasiveness potential of celis from Pebrp-ablared mice (Figure 8A),
and their morility after surface wounding was higher (Figure 8B).
There were fewer circulating tumor cells in hombzygous than in
control animals {(same-size tumors, controls: 13 weeks; homozy-
gous: 18 weeks; Figure 8C). Tumor cells {lushed from bone mar-
row were detectable only in conrtrol animals (average of 31.5 £ 5.4
cells per animal, » = 4; Figure 8D). :

Similarly, theincremenral decrease in PTHrP lowered the number of
micro-and macroscopic metastaticlesionsin lung rissues. At 13 weeks,
100% (45/45) of control mice presented lung metastases compared
Volume 121 MNumber 12 Decernber 2011
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Figure 3

Pthrp ablation reduces spontaneous
turnor load. (A} Tumor foad in whole
animals (13 weeks). (B) Average
weight of tumor load per mouse,
average weight of primary tumors,
and average number of tumors per
mouse at sacrifice for the same
genotypes. Values shown represent
mean + SD; n = 20 for Pthrptiostos;
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Pthip" :Cra*
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mouse (g}
of primary

Average weight
of wnor load/
Averaga weight

with 47% (8/17) for heterozygous and 0% for homozygous ani-
mals (0/18) (Figure 8E). At 18 weeks, when same-size tumors were
achieved in homozygous mice, smaller lung cumorss appeared in 40%
{12/30) of homozygous mice compared with 100% of control mice
enthanized at 13 weeks for humane reasons (Figure 8, F and G).
When tumor cells were transfecred with adenoCre GFP or adencGFP
virus, purified, and implanted (5 x 10° cells) in the fourth MFP of
syngeneic mice, same-size primaty tuimors in the MFP were achieved
at 8 weeks in control, 11 weeks in heterozygous, and 16 weeks in
homozygous mice {riot shown). At those stages, lung metastases
were present in 70% {16/23) of conerol, 55% (6/11) of heterozygous,
and 0% (0/22) of homozygous mice (Figure 8, Hand I).

Importantly, in the spontaneous PyMT tumor model, lung
metastases cells in control and homozygous mice (same-size
rumors, 13 weeks and 18 weeks, respectively) were almost uni-
formly PTHrP and CXCR4 posirive (Figure 9), indicating that lung
merastases were mainly derived from PTHrP-expressing tumor
cells thar escaped gene ablation (Supplemental Figure 5). These
results poine to a driving role for PTHrP in invasion and metasta-
sis in this system and suggest that combined expression of PTHIP
and CXCR4 is crucial to metastatic spread.

Anti-PTHrP neutralizing mAbs inhibit breast cancer progression in
vitro and in vivo. mAbs were produced against human PTHIP; s,
and 2 molecules posirive exclusively for this pepride (158 1gG,
M45 1gM} significantly inhibited Matrigel invasion by human
MDA-MB-435 breast cancer cells (PTHrP positive, secreting
30030 pg/ml of PTHrPin the condirioned medium) compared with
cells rreated with a control antibody (Figure 10A). MDA-MB-435
celis were also injected into the MFPs of BALB/c nu/nu mice and
animals treated with the mAbs (200 pg subcuraneously every
48 hours for 6 weeks). Primary tumor growth in unrreated ani-
mals reached 1.5-2.0 cm? by 6 weeks after tumor transplancacion.
A significanr inhibition {£ < 0.01) in the size of primary cumor
growth was observed in mice rreated with 158 or M43 compared
with controls (Figure 10B), The 158 antibody reduced the expres-
sion of CXCR4 and AKT1 in mammary tumors developing from
injected cells (Figure 10C). After 6 weeks, approximately 100% of
control animals presented lung metastases in contrast wich 33%
for mAb-treated mice (Figure 10, D and E), and metastases from
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lungs of antibedy-treated mice were fewer and 50% smaller than
those from vehicle-treated controls (Figure 10, Fand G). CXCR4
expression was still prevalent in lung metastases despite antibody
wearment {Figure 10H), suggesting that eicher efficacy of PTHIP
neutralization was not optimized or that CXCR4 expression can
be driven: by additional facrors. Liver and kidney tissues from ani-
mals treated wicth antibodies presented no hisrological evidence
for roxicity due to rreatment (not shown). These results suggest |
that anti-PTHIP antibodies can be considered for therapeunric uge
against human breast cancer progression.

Overall, our results indicare that PTHrP favors tumeor cell suiviv-
alin the primary site and plays a role in breast cancer progression
through its concrol of cyclin D1, Ki67, Bel-2, facror VIII, AKT1,
AKT2, and CXCR4 levels (Figure 11). When tumor cells migrace
to distal sites, adhesion to local ligands is facilitated by PTHrP’s
maintenance of CXCR4 levels, and its positive action on tumor
proliferation allows consequent metastatic expansion of PTTH P/
CXCR4 double-positve cells.

Discussion

To investigare che involvement of PTHrP in breast canceriniriarion,
progression, and metastasis, we construcred an ME-specific Pthrp-
knockout animal in the PPMT-MMTV transgenic mouse mode!} of
breast tumorigenesis, using mice homozygous for a floxed Pthrp
allele {2 loxP sites flanking exon 4, which encodes mostof the PTHrP
protein} (38). The PyMT mouse is a model with comiplete penetrance
and approximartes the 4 identifiable stages of cumor progression
observed in human breast tumors (hyperplasia, adenoma, early
carcinoma, and lace carcinoma). These stages are foliowed in PyMT
animals by a high frequency of distal metastasis, and the morpho-
logical characteristics and expression of biomarkers parallel those in
the human cancer process (39). We obramed mice presencing vari-
ous degrees of ablation of the Pthrp gene, demonstraring rhat reduc-
tion of PTHrP expression in ME brings substantial delays in breast
cancer inirfarion wirhour affecting mammary development. In
Pthrp-ablated animals, primary tumor hyperplasia was considerably
delayed, and palpable rumors appeared much later and were smaller
and fewer than in control mice. Qur observations dre in agreement
wich several clinical studies in which patients wich:tumors produc-
December 2011 4659
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Figure 4

A more complete abiation of Pthrp by Cre-carrying adenovirus further delays breast cancer injtiation and progression. (A) Adenovirus-transfected
tumnor cells selected by flow cytometry: left, cell fluorescence for GFP; right, confocal images of IF staining for DAPI (blue) and PTHrF {green) in
mammary tumors derived from injected adenovirus-transfected tumor cells illustrating near-complete disappearance of PTH:P expression in homo-
zygous tumors: Scale bars: 200 um, {B) Western blot quantifying PTHrP expression in Pthrpfoxdox tumor cells transfected with adenoGFP. Lane 1,
control, Pthrptxiior adenoGFP; lanes 2 and 3, hetero- and homozygous, Pthrpfedt or Pthrpfoxfior adenoCreGFP, respectively. (C) Tumor volume
per animal for tumors derived from adenovirus-transfacted tumor cells injected into the MFPs of syngeneic mice. Values represent mean + S0,
n =12 mice for each group. ***F < 0.001. (D) Tumor load in whole animais 8 weeks after adenovirus-transfected cell injection. (E} Average weight
of breast tumer load per mouse at sacrifice. Values represent mean + 8D, n = 12 mice per group. **P < 0.01.

ing high PTHP levels presented higher taces of metastasis and
increased or earlier mortality (40-43). A recent report reached oppo-
sire conclusions, buc relied on animal models with a very late-onset
oncogenic system {nes based), which is more relevani to tumors aris-

ing in older animals (44), and used mice with a heterogeneous genet-
ic background. The age at which oncogenic induction occurs and
the host's genetic background are 2 factors that significantly affect
the biclogical behavior of tumors (45, 46) and likely 2ccount for the

4660 The)Joumal of Clinical Tnvescigacion  heepy/fwwwijciorg  Volume 121 Number 12 December 2011
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Figure 5
Pthrp ablation medifies cell-cycle, apoptosis, and angiogenesis events. (A} iHC staining of tumor tissues at 13 weeks showing a decrease in dif-

ferentiation factor Ki67 {top), angiogenesis factor VIII {(middle), and cyclin D1 {(bottorm) with degree of Pthrp abiation. (B} Western blot illustrating
no change in PTH/PTHYP receptor 1 expression, but decreases in factor VI, cyclin D1, and Bek-2 with degree of Pthrp ablation. (C} Confocat
images of IF staining in cultured cells isolated from tumors showing cotocalization of PTHrP and cyclin DT expression. The residual cells that
escaped ablation and are still capable of expressing PTHrP are the only ones expressing cyclin D1 (homazygous, bottom réw, arrowheads).
Shown are DAP} (blue), PTHrP (red), and cyclin D1 (green). (B} TUNEL staining of breast tumor tissue (top) or in celts isolated from tumors
and cultured (bottom}, showing more abundant apoptctic events in homozygous tumers. Bottom panel: histegram showing averaga numbar of
apoptofic cells per field in isclated tumor cells. Scale bars: 50 pm. Values represent mean + SD. **P < 0.01.

discrepancy observed with our results. Clinical studies reportinga  ly aggressive breast tumorigenesis, correspondingto a category of
good prognostic value for PTHrP in breast cancer have concencrared  partients likely to require necvadjuvant treatment.

on cchorrs in which nec-adjuvant cases were eliminated, therefore In our mouse model, Péhrp ablation was accompanied by a near-
facusing on che less agpressive cases (47). ln contrast, our animal  complete disappearance of the CXCR4 receptor, a member of the
maodel is more relevant to early-onset, pregnancy-independent, high-  chemokine superfamily that regulares cell migraien and rarger-
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Figure 6

PTHrP is involved in CXCR4 and AKT expression control. (A) Westem
blot showing decreased CXCR4 expression in homozygous tumors. (B}
Confocal images of IF. Top: primary breast tumors {control 13 weeks,
homezygous mice 18 weeks). Bottom; cells isolated from these tumors
and cultured. CXCR4 expression is significantly reduced with Pthrp
abtation. Residual cells that escaped Pthrp ablation and are stili
expressing PTHIP are the anly ones expressing CXCR4 {arrowheads).
(C} IHC (left) and IF (right) images for AKT1 and AKT2 in tumars from
contrel and abtated mice. Shown are DAPI (blue}, AKT1 (top, red}, and
AKT2 (bottom, red}. (D) Westem blot showing decrease in AKT1 and
increase in AKT2 congcurrent with Pthrp ablation. (E) Confocal imag-
es of IF staining of cultured cells from control (top) and homozygous
{bottom) tumors. The residual celis that escaped ablation and are still
expressing PTHrP also express AKT 1, although a small level of AKT1
is detectable in PTHrP-negative cells. Shown are DAPI {blug), PTHrP
{green), and AKT1 (red). (F} Western blct of tumor extracts for AKT1
Ser473 phosphoryiation. Scale bars; 50 pm.

ing organisims (48, 49). Tumor cells, including those from breast
cancer, produce chemokine receptors chat promote adhesion to
specific cells presenting cthe appropriate surface ligand (the known
ligand for CXCR4 js CXCL12). Organs with the highest expres-
sion of CXCL12 correlate with the most common breasc cancer
metascasis sites (50). The consequence is not only adhesion of the
tumot celi to the ligand-expressing site, but zcrin polymerization
and pseudopodia formation, resulring in enhanced invasiveness
(48, 49). The CXCR4/CXCL12 combination is the most important
chemnokine mechanism regularing metastatic potential to the bone
martow, lungs, liver, and brain (49, 50). CXCR4 has been idenrified
as a signature gene in primary breast cancers expressing the lung
and the bone merastasis signature {51, 52); its expression in breast
tumors increases with cancer progression (53) and correlares with
poor survival rates (54). A study of breast cancer patients who
developed skeletal metastases confirmed a generalized elevared
expression for both PTHr® and CXCR4 (55).

Inbreast and prostate cancer cells, the CXCR4 receptor/CXCL12
ligand interaction results in activacion of the PI3K/AKT parhway,
which drives cell growth and survival (56} and is 2 key signaling
route for CXCR4 (50, 57). The PI3K/AKT pathway is also essen-
tial to the transmission of oncogenic signaling from the middle T
oncoprotein and to development of mammary adenocarcinomas
in the PyMT system {39, 58). Here, Pthrp ablation and consequent

A siRNA 48 h SiIHNA72 h
Block AKT1SNA Mook AKT1SiRNA
125 250 125 250
pmal  pm pmol  pmt
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Figure 7
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CXCR4 depletion were accompanied by a significant decrease in
total levels of the prosurvival AKT1 isoform and by an increase in
the AKT2 isoform. AKT2 ablation accelerates tumor induction,
and the 2 AKT isoforms possess opposite oncogenic effects (59).
In striking similariry wirh our observations, a knockout of Akil
interferes with mammary tumor initation and growth in PyMT-
MMTV mice, without hindrance to mammary development (59),
but it is difficulr to speculate wherther PTH<I acts through acuce
or adaptive effect on AKT and CXCR4 signaling, Pebrp ablarion has
repercussions on the cell cycle (Go/G, to S transition, cyclin D1,
and Ki67) and enhances apoprotic events. Similarly, in the PyMT-
Aktl knockout mice, the delay in tumorigenesis is related to inhi-
bition of cell proliferation, to a decrease in Ki67 and cyclin D1, and
to promotion of apoptosis {55}. Interestingly, cotargeting Pthrp
and Aktl by gene abladon and siRNA rechniques provides a scron-
ger inhibition of proliferation over either blockade alone {Figure 7,
A-B), suggesting rhe existence of PTHrP-independent signaling
through AKT. This is supported by the presence of residual AKT1
in Pthrp-ablated cells (Figure 6E) and suggests that 2 combined
therapeutic approach could provide enhanced efficacy.

The CXCR4/CXCL12 interdcrion drives metastatic progression
by activation of angiogenesis, chemotaxis, adhesion, and invasion
processes (50), and neurralization of CXCR4/CXCL12 action in
vivo by antibodies (48}, inhibitory peptide (60), or siRNA (61)
attenuaces metastases in mouse models. Here, Prhrp-targeted abla-
tion also reduces the number of rumor cells in peripheral blood
and bone marrow and delays metastasis in lungs, the preferred
metastaric site in the PyMT-MMTV mouse. Importantly, the
merastatic tumors that eventually develop in homozygous ani-
mals present a partecn of pesitive expression for both PTHrP and
CXCR4, indicaring thar it is mainly the mamor cells that escaped
Pihrp ablation that are selected to create the invasive population
that develops into metascases. Since almost all residual expression
of PTHrP and CXCR4 in homozygous primary tumors colocalizes
to the same cells, PTHIP appears to be an important control for
CXCR#4 expression, with consequences to survival and metastasis.
An involvement of PTH in CXCL12 production by osteoblasts {62)
reinforces the concept that as a member of the PTH family, PTHrP
plays arolein CXCR4/CXCL12 signaling.

Previous work with anri-PTHrP antibodies revealed inhibicion
of bone turnover and osteolytic merastases (63, 64). Here, trear-
ment of nude mice bearing PYHrP-positive human breast cancer
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AKT1 inhibition by siRNA enhancas Pthrp ablation effect on tumor cell growth inhibition. (A) Western blots for AKT1 expression in control (top)
and homozygous cells (bottorn) transfected with AKT1 siRNA or mock sequence (48 or 72 hours). (B) Proliferation of isolated Pthrpfeor tumor
cells from control (Cre~) or homozygous (Cre*) mice after AKT1 siANA or mock transfection (72 hours). Representative experiment out of 3
replicates. **F < 0.05 for all except Cre~ mock versus Cre* siRNA: F < 0.00071. Ervor bars represent SD.
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Figure 8

PTHrP drives metastatic spread. (A} Matrigel growth of tumor cells from Pthrptestex:Cre- or Pthrpfiextiex:Cre* tumors and histogram showing
reduced invasive capacity for ablated celis (22 hours). ™P < 0.01. (B) Celt metility test after wounding {48 hours); Pthrp-ablated celis show slower
motility than controt cells. (C} Epimet stain of cytospins for detection of circulating tumor cells (arrowheads show pan-cytokeratin—positive cells,
18 weeks). No tumor cells are detectable in blocd of homozygous mice. {D) Tumoar cells flushed from bone marrow (IF stain: cytokeratin 8/PyMT
double positives) in control animats only. {E) Lung metastases are slower tc appear in heterozygous mice. (F and G) Lung metastases appearin
homozygous mice even later (between 13 and 18 weeks}. (H and 1) Lung metastases after MFP injection of adenovirus-transiected fumeor ceils.
Lung metastases appear earlier in control mice than in the spontaneous tumor model (E and G), but are not detectable in homozygous ablated
mice (adenovirus transfected) at 16 weeks. (All groups for E to ], n = 8). Scale bars: 100 um (A—C); 50 um {D}; 200 um (E, F, and H). Error bars

represent SD. Large single and double asterisks refer to corresponding stages in Figure 9.

xenograflts with anti-PTHrP mAbs reduced both primary growth
and Jung metastatic tumor development, which suggests a PTHtP
role distince from bone turnover control and calcium homeosta-
sis. Overall, our data demonstrate thar in a model of early-onser,
pregnancy-independent, highly aggressive breast tumorigenesis,
PTH(P plays a tumoi-promoting role in initiation, progression,
and metastasis, in part through uptegulation of the CXCR4 and
AKT pathways (Figure 11}. Aurtocrine, intracrine, and paracrine
effects have been reported for PTHIP (8, 27, 65) and are likely
involved in its pleiotropic cancer promoting activities, since the
PTHI1 recepror is present throughout the rumor cissue and is unaf-
fected by Pthrp ablation. In carcinomas, there is frequent altera-
tion i the expression of many growth facrors involved as auro-
crine and paracrine mediators of stromal-epithelial interactions
(66). Our results support the idea thar some PTHrP-mediared
effects observed in vivo cannot be observed in vitro, which points

Pihip™ Cra*
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13 weseks

PrhrpFe ™ Cra
« homozygous
18 weeks

DAP}

Figure 9

to impoytant tumor/stromal interactions that must be considered
when examining PTHrP funcrions during breast cancer progres-
sion. Finally, the effecrive inhibition of PTHrP action in human
cancer xenegrafts by our neutralizing antibodies constitutes a
proof of principle for therapeutic consideration.

Methods

Conditional ablation of the Pthrp gene in mouse ME. CS7BL/6 Pthrp floxed mice
(Prirpfoseny (38) were backcrossed 9 generations to FVB animals. Marker anal-
ysis (Jackson Laboratory) confirmed a more than 99% FVE/N] background.
Crossing these mice wich PyMT-MMTV strain PyMT 634 (34) or MMTV-Cre
(35} mice (FVB background, Cre7 type) produced PyMT-MMT V;Pehrpilailax
and PyMT-MMTV:Pehrpfer and MMTV-Cre;Pehyplovi zand MMTV-Cre;
Pebrphe/s mice. Crossing these animals produced PyMT-MM TV, Pebypilonihe;
Cre® (homozygous), PyMT-MMTV,Pthrp™=*,Cre* (hetérozygous), PyMT-
MMTV; and Pthrp™ o, Cre- or PyMT-MMTV;Phrpr /o7 Crer (controls) mice.

“Merge

. XFM .

PTHP

Spontaneous lung metastases are PTHrP and CXCR4 positive. H&E stain (left) and IF confocal {right) of spontanecus lung metastases {no
adenovirys) at same-size tumor (control 13 weeks, homozygous 18 weeks); lung metastases in homozygous mice are PTHrP and CXCR4 posi-
tive. Shown are DAP! (blue), CXGR4 (green), and PTHrP {red). Large single and double asterisks indicate corresponding stages iflustrated in

Figure 8E. Scale bars: 50 um,
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Figure 10

Anti-PTHrP neuiralizing mAbs inhibit breast cancer progression in vitro
and in vivo, (A) Proliferation in Matriget {24 hours) of human MDA-MB-
435 breast cancer cells showing growth-inhibition effect of neutralizing
antisodies 158 and M45 in vitro.” P < 0.05. (B) Tumor volume over time
after injection of MDA-MB-435 cells into the MFPs of BALB/c nu/nu
mice and treatment with anti-PTHrP mAbs, showing the tumor-reducing
effect in vivo. Data are expressed as means of 8 mice in each group.
*P < 0.05; **F < 0.01. {C) IF confocal images of mammary tumors
& weeks after injection of MDA-MB-435 cells in MFPs of nude mice
showing decrease of GXCR4 (top panels) and AKT? {bottom panels)
in treated animals. Shown are DAPI (blue), CXCR4 {green),’and AKT1
(red). (D) H&E staining of lung melastases 6 weeks after injection of
MDA-MB-435 in MFPs. Treatment with anti-PTHrP mAbs reduces the
size and nhumbers of jung metastases. (E--G) Fewer mice present lung
metastases after treatment with elther mAb, and the metastases are
smatler and fewer in numbers in treated animals. Mean + SEM. *P < 0.05
(E); *F=0.013 (F); *P = 0.045 (G). (H) IF confocal images of lung metas-
tases in nude mice injected with MDA-MB-435 cells treated (6 weeks)
or not with anti-PTHrP mAbs. Lung metastases are CXCR4 positive
irrespective of treatment. Shown are DAPI {blue) and CXCR4 {(green).
Scale bars: 100 um {A); 50 pm (C and H}; 200 pm {D).

Immunohistochemistry and IF. Antibodies used were as follows: mouse
monoclonal N-terminal anti-PTH P antibody (1-34, AE-0502, IDS},
mouse monoclonal PTHIR ancibody (Upstate), mouse monaoclonal
anti-Cre recombinase and anti-phospho-Aktl (Ser473} {Abcam), goat
anti-total Aktl, Akt2, and Ki§7, mouse cyclin D1, Bcl-2, actin, and rab-
biz polyclonal ancibodies for the PTHRI receptor, PTHtP4.134 C-rer-
minal end, tubulin, anci-rabbit and anti-mouse peroxidase conjugares
(Santa Cruz Biotechnology Inc.), Alexa Fluar 555-cenjugated goat
anti-rabbit 1gG and Alexa Fluor 488-conjugarted goat anti-mouse IgG
(Invitrogen), guinea pig anti-mouse cytokeratin 8, donkey anci-guinea
pig 1gG CY3-labeled, and rabbic anti-mouse cytokeratin 5 (PROGEN
Biotechnik GmbH).

Tumors and other tissues were fixed, embedded, sliced, and stained wich
H&E according to standard protocels. The SK-4100 kit (Vicror) was used
for immunohistochemisrry (IHC), and slides were reacced for diamino-
benzidine and analyzed with a Leica DMR microscope and BIOQUANT
Nova Prime sofrware (Bioquant). IF staining was conducted on deparaf-
finized tissue sections ot cells fixed on slides. Resulrs were
analyzed with an LSM 510 Mera confocal microscope {Carl

research article

Forty-eight hours larer, cells were selected on a BD FACSAria IT cell
sorter. GFP-posicive cells (1 x 108 cells) were injected inca the fourth
MEFP of anesthetized 5-week-old syngeneic FVB mice (Charles River).

Cell-cyele analysis, PTHrF, and calcinm assays. Cultured cells were stained
with prepidium icdide and analyzed for cell cycle by flow cytometzy
(FACSCalibus}. Levels of PTH<P in culture mediom or serum were mea-
sured by 2-site immunoradiometric assay (Beckman-Coulter). Serum cal-
cium was derermined with a Synchron 67 Autoanalyzer {(Beckman).

SRNA transfection for Aktl knockdown. Cells isolated from mammary
rumors were transfected with siIRINA AkeI rargering sequences (s62216}
as follows: sense: CUCAAGUACUCAUUCCAGAT®t, antisense: UCUG-
GAAUGAGUACUUGAGgg (bases in lower case are overhangs not corre-
sponding te the original carget sequence), and negative control (Ambicn).
Cell proliferation was assayed by hemocytometer counting,

Tumor cell detection in peripheral blosd and in bane marrow. Blood was col-
fected from sacrificed animals hy cardiac punceure. Cytospin-concentrated
samples were stained with the Epimet Epithelial Cell Kit (Micromer). Bone
mmarrow flushed with PBS from tibias and femurs cur ar the knee joint
was tritrated through a 25-gauge needle. Samples (2 tibias and 2 femurs/
animal) were counted with a hernocytometer and spread onco Cytospin
Immunoselect Adhesion Slides (Squarix). Tumor cells were detected with
pan-cytokeratin mAb A45-B/B3 or culeured in DMEM with 10% FBS.

Matrigelinvasion and wound-bealing assarys. MDA-MB-435 cells were tested for
invasion in Matrigel for 20~24 houts with or withoutmaAbs origG (10 pg/ml)
according ro srandard methods. Invading cells wére counred after
paraformaldehyde fization and hematoxylin staining. For mocility assays,
cells were grown on poly-D-lysine-coated plates (Millipore), The cell carpet
was scraped and the growth of cells into the scraped area monitored,

Lung metastases measurements, Phoraomicrographs of H&E-scained slides
of lung merastases were analyzed with Image] software (htip://rsbweb.nih,
gov/tjfindex html) to assay metascatic surface/lung {n =9 mice).

Aﬂff‘PTHfP(}.g;) mAbs, We generated 2 PTHrP-specific nAbs against
hPTHrPi.33 peptide; hybridomas 158 and M45 produced mAbs (sub-
classes 1gG3 for mAb 158 and IgMx for mAb M435) with strong binding
to hPTHrP; 33. The mAbs were highly specific {no reaction wich PTH),
and no cross-reactivity between antibodies and other fragments of
PTHI P was observed. The 158 and M45 hybridomas have been deposited
at che Internarional Depositary Authority of Canada (accession num-
becs 060808-02 and 060808-01).

Zeiss Microimaging). PTHrP T g i : ?

Whole-mount staining. MEPs were removed, spread on a glass ; i ; i
slide, air dried, fixed, delipidated, and stained with 0.5% Neu- 3 ¥ i ; H

i i Ke7 oAkt |
cral Red (Sigma-Aldrich). : 1 g

Western blotting, Proteins were extracted from tissues, Cyclin D1 AKT2 Bch-2 Factor Vii CXCR4
and samples (30-50 ug) were fractionated by SDS-PAGE B/G,~5S Adhes:

2 i - 2SH0n
el.l.ct[OE.)hOTESJS) transferred to P‘VDF.memhLanes, reacted Profiferation Survival Apoptosis Angiogsnesis Metastasis
with primary and secondary antibodies, and developed by
enhanced chemiluminescence according to standard meth- ; \ \ / / l
ods. Whole mammary glands were prepared according to Tyumor inHiation Tumaor progressicn Metastatis progression
Acklereral. (67).

Culture of mouse breast tumor cells from primary tumors. Tumozs ~ Figure 11

were harvested, minced, and incubared in 2.4 mg/ml collage-
nase B and dispase II {(Roche) in DMEM {no FBS) ac 37°C
for 2 hours. Floating cells were washed, pelleted, resuspended,
and propagated in complere DMEM.

Adenovirus vector. Tumor cells in culture were infecced wich
a recombinanc adenovirus vecror (10% viral parcicles/mi)

conraining a GFP-Cre transgene for the Cre recombinase.

The Journal of Clinical Investigation

PTHrP influences several key steps in breast cancer. Interactions are described
here for PTHP in tumor cell proliferation; through its effects on celt proliferation
factor Ki67, cell-cycle progression regulator cyclin D1, and the Go/Gs to S transi-
tion, PTHrP is involved in very early steps of oncogenesis. PTH!P influences breast
turmnor cell survivai, apoptosis, and angiogenesis through control of levels of expres-
sion for crucial signaling molecules such as AKT1/AKT2, Bel-2, and factar VI, Of
great interest is the observation that PTHrP is involved in the conirol of CXCR4
expression and consequently aiso plays a role in metastatic spread.
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Treatment of nude mice with ant-PTHrP mAbs. 1 x 10% human cancer cells
(MDA-MB-435) were injected into the fourth MFP of 4- te 5-week-old
BALB/C nu/nu females (Charles River). Starting the next day, antibodies
were injected subcutanecusly (200 ug) every 48 hours for 6 weeks. Mouse
1gGs isotype concrol was from R&D Systems. Primary tumor growth rates
were determined by plotring the means of 2 orthogonal diameters of the
tumor measured at 5-day intervals. Tumor volume was measured once
weekly. Animals were sacrificed 6 weeks after cumor implantarion.

PyMT-MMTV animal handling. Tumor-bearing animals were examined by
palpation twice a week until they were 13 weeks of age. Mice with exces-
sive tumor burden (1.5 cm) were enthanized. For Kaplan-Meier, animals
wete sacrificed when toral rnmor lead exceeded 20% of animal weighe. All
experiments were carried out in compliance with regulations of the McGill
University Institutional Animal Caze Commictee. All animal surgeries were
conducted in accordance with principles and procedures dictated by the
highest standards of hbumane animal care.

Statistical analysis of tumor progression and tumor growth. Numerical daca
are presented as the mean + SD. The daca were analyzed by ANOVA fol-
lowed by a Bonferront’s post-test to determine the statistical significance
of differences. All stavistical analyses were performed using Instat Software

. Mundy GR. Metastasis: Metastasis to bone: causes,

hueman lung cancer and normal tissue with newly

(GraphPad Sofeware), and P < 0.05 was considered stavistically significant,
Specific tests are mentioned in the rext.

Study approval. These animal studies were approved by the McGill Univer-
sity Animal Compliance Office.
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Parathyroid Hormone Related
Protein (PTHP) in Tumor
Progression®

Richard Kremer, Jiarong Li, Anne Camirand,
and Andrew C. Karaplis

‘Abstract
Parathyroid hormone-refated protein (PTHrP) is widely expressed in fetal
and aduit tissucs and is a key regulator for cellular calcium transport and
smooth muscle cell contractility, as well as a crucial control factor in cell
proliferation, development and differentiation. PTHrP stimulates or inhib-
its apoplosis in an autocrine/paracrine and intracrine fashion, and is par-
ticularly important for hair follicle and bone development, mammary
epithelial development and tooth eruption. PTHrP’s dysregulated expres-
sion has traditionally been associated with oncogenic pathologies as the
major causative agent of malignancy-associated hypercalcemia, but recent
evidence revealed a driving role in skeletal metastasis progression. Here,
we demonstrate that PTHIP is also closely involved in breast cancer initia-
tion, growth and metastasis through mechanisms separate from its bone
turnover action, and we suggest that PTHIP as a facilitator of oncogenes
would be a novel target for therapeutic purposes.

12.1 PTHrP Background,
Discovery, Gene Sequence
and Protein Structure

12.1.1 Background
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1.S. Rhim and R. Kremer (eds.}, Human Cell Transformation: Role of Stem Cells

Malignancy-associated hypercalcemia (MAH) 1s
a well-recognized syndrome that occurs in
patients suffering from certain malignant cancers.
The classic signs and sympiloms of hypercalce-
mia are confusion, polydipsia, polyuria, consti-
pation, nausea, vomiting and eventually coma.
Hypercalcemia associated with malignancy of
nonparathyroid tissues frequently occurs during
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bone invasion by tumor cells, where bone resorp-
tion is the direct result of osteoclast action.
Osteoclastic bone-degrading activity is stimu-
lated by several cytokines including MIP-1q,
TNF-[, IL-1[, [L-3 and IL-6, which are produced
locally by the tumor cells [1-4]. MAH is com-
monly associated with malignant tumors of the
breast, lung, head and neck, esophagus, cervix,
skin or kidney {5].

In 1936, Gutman conducted the first large
group study of MAH; these patients suffered
from myeloma and breast cancer, and most of
thermn presented bone metastases [6]. Fuller
Albright in 1941 was the first to propose that a
PTH-like humoral factor was responsible for the
hypercalcemia in patients with renal carcinoma
which resclved after irradiation of bone metas-
tasis. In the following years, the concept was
accepted and the term “ectopic PTH syndrome”
became widely used to describe paticnis with
high circulating plasma calcium concentrations,
low phosphorus, and few or no bone metastases
[7-93. In 1969, a thorough review was made of
cases where patients suffered symptoms of hyper-
parathyroidism yet exhibited malignant tumors
of nonparathyroid origin. The conclusions drawn
from this work were that some nonparathyroid
tumor cells could initiate transcription and trans-
lation of the PTH gene and secrete PTH [10].
Such cazes of “ectopic PTH syndrome” [1{]
included kidney adenocarcinoma [12] and a
malignant hepatoblastoma {13].

Rare cases were found where nonparathyroid
tumors secreted PTH, and many studies demon-
strated that the immunological properties of cir-
culating of PTH-like materiai in hypercalcemic
patients with nonparathyroid cancer or primary
hyperparathyroidism were distinct from those of
the immunoreaciive PTH found in the serum of
patients with primary hyperparathryroidism {14,
15]. In 1980, Stewart and associates established
the first full biochemical characterization for 50
consecutive patients with cancer-associated
hypercalcemia, with or without hone metastases.
This study delineated characteristic laboratory
findings that now define the PTH-1ike syndrome,
and coined the term hurnoral hypercalcemia of
matignancy (HHM): elevated nephrogenous cyclic

AMP excretion levels, high serum calcium, low
serum phosphorous, marked reduction in 1,25-
dihydroxyvitamin D and low or suppressed
reactivity with PTH antisera.

12.1.2 Discovery

Based on the biochemical characterization of
humoral hypercalcemia of malignancy, much
effort was devoted to the problem of identifying
and isolating the tumor-secreted nnknown fac-
tor that was responsible for this syndrome. In
1987, three independent groups simultancousiy
achieved: (1) purification of an active component
with a molecuiar weight of 18 kDa from a human
lung cancer cell line (BEN) [16], (2) purification
of a 6-kDa active compenent from cultured
human renal carcinoma cells [17], and (3) purifi-
cation of a 17-kDa active component from a
human breast tumor biopsy [1&]. Most interest-
ing was the fact that the N-terminal amino acid
sequence of these adenylate cyclase-stimulating
proteins revealed cutstanding hemelogy to PTH,
identifying the existence of a PTH-like factor in
those cancer cells.

Using the partial amino acid sequence infor-
mation from these discoveries, oligonucleotide
probes were synthesized and used to identify
complementary DNAs (cDNAs) encoding BEN
cell mRINA [19], mRNA from a human renal car-
cinoma [20] and mRNA from a renal carcinoma
cell line [21]. Characterization of those clones
revealed a gene and peptide sequence similar to
that of hurman PTH. Eight of the initial 13 resi-
dues of the mature protein and the final 2 residues
in the signal peptide were identical tc those of
human PTH. The term parathyroid hormone-
reiated proiein (PTHrP) derives from this high
homology to the N-terminal sequence of PTH.

The elucidation of the PTHrP? sequence
allowed investigators to synthesize fragments of
the peptide and to study their effects in different
experimental conditions. Kemp et al. demon-
strated that the N-terminal fragment of PTHrP
{1-34) exhibited PTH-like activity in rat and
chicken kidney and produced effects commonly
seen in HHM such as increased excretion of
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Fig.12.1 Siructure of human parathyroid hormone-related protein (PTHIP) gene (adapted from Philbrick et al. [357)

cAMP and phosphorus, and reduced urinary
calcium excretion [22]. Using radiofigand bind-
ing techniques, Nickols et al. were able to show
that amino-terminal {fragments of PTH and PTHrP
interacted with identical receptors present on rab-
bit kidney microvessels and tubules [23].
Immunoassays were developed and indicated that
PTHrP was circulating at high levels in patients
with HHM [24, 25]. These findings provided
strong evidence that circulating PTHTIP produced
by various cancers was the causal agent respon-
sible for hypercalcemia.

12.1.3 Gene Sequence
and Protein Structure

The Pthrp gene is localized to the short arm of
chromosome 12 in humans {26} whereas the PTH
gene is on the short arm of chromosome 11 {27].
The localization of PTH and Pthrp on these chro-
mosomes and the simularity in sequence and orga-
nization of the two genes provide indirect evidence
for a common evolutionary origin [26, 28].

The human Pthrp gene (Fig. 12.1) is a com-
plex transcriptional unit which spans more than
15 kb of DNA, with 9 exons and at ieast 3 pro-
moters. Alternative splicing of the premessenger
RNAs produces three PTHrP isoforms differing
at their carboxyl-terminal ends and containing
139, 141 or 173 amino acids. Exon 4 encodes a
region common to all peptides, while exons 5 and
6 cncode the unique carboxy termini of the other
two peptides. PTH and Pthrp genes display an
identical pattern of intron/exon organization in
the region of exons 2 and 3 {19, 26, 28-30]. In
contrast {o the human organization, rai and mice
Pthrp genes are relatively simpie with a single

promoter homologous to the downstream P3
promoter of the human gene. They produce mature
peptides of 141 and 139 amino acids, respectively
(31, 32]. The Pthrp gene in the chicken yields a
single mature peptide of 139 amino acids [331.

The initial translational hurnan PTHrP prod-
ucts undergo complex processing, including
separation of the (=36 to —1) pre-pro sequence
and endoproteolysis of the full-length (36 to
139), (=36 10 141) and (-36 to 173) sequence
at multibasic sites. All sequences present an
N-terminal signal sequence for endoplasmic
reticulum eniry and a coding 1-139 peptide
134, 35]. The amino acid 35~111 region is dra-
matically conserved in human, rat, mouse and
chicken sequences, with the human and rodent
amino acid sequences differing in the 1-111
region by only two residues. This high evolution-
ary conservation suggests important physiologi-
cal and biological functions. The 35-111 region
is rich in putative proteolytic processing sites, with
mutitiple dibasic amino acid groups [34, 35].

Region 107-111 (-Thr-Arg-Ser-Ala-Trp-) or
TRSAW is evolutionally highly conserved, a sug-
gesting that a peptide encompassing this region
may be physiclogically important [36].

12.2 PTHrP Physiology

12.2.1 PTHrP Functional Domains
Analysis of the Prhrp gene scquence reveals
several functional domains (Fig. 12.2), including
a signal peptide, a PTH-like N-terminal domain,
amid-region domain that begins at amino acid 38
and a unique carboxy-terminal domain named
osteostatin [36, 37].
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3436 38 66

Fig. 12.2 The functional domains of the human PTHP
protein and it§ interaction partners. T-P denotes phospho-
rylation of TheBS5. 38TS stands for residues Serlid,
Ser130, Thri32 and Ser138 and AAAA denotes their

The N-terminal domain of PTHIP (1-36)
shares with PTH a homoiogous sequence that
interacts with the PTH/PTHIP type ! receptor
(PTHI1R), a class II G-protein coupled receptor
{GPCR). Upon binding PTHrP, the PTH1R recep-
tor can either activate the formation of cyclic
3',5'-adenosine monophosphate (cAMP) by stim-
ulating adenylate cyclase (AC) through Gas, or
activate phospholipase Cp (PLCR) through
Gag/l1l. cAMP then activates protein kinase A
(PKA), whereas activated PLCP stimulates the
formation of diacylglycerol (DAG) and 1,4,5-
inositol triphosphate (IP3). In tarn, DAG acti-
vates protein kinase C (PKC} and the production
of IP3 lcading to an increase in the intracellular
free Ca®™ [38, 39]. The PTHIR receptor can atso
stimulate the inflnx of extra-cellutar Ca** through
regulation of calcium channels {40], and activale
protein kinase C through a PL.C-independent
pathway [41—43]. The PTHIR receptor classical
transduction pathways can lead to different bio-
logical effects in a ceil type~spectfic manner,

The mid-region PTHrP comprises a bipartite
nuclear localization sequence (NLLS) consisting
of residues 88-91 and 102-106. This NLS
sequence may allow PTHrP to accumulate in the
nucleus {44461 and bind rRNA {47, 48]. This
peptide likely enters the nucleus immediately
after NLS binding te importin-pi to form a
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—36/141 and ~36/173 (adapied from Dittmer [138])

complex that links to the microtubular trackway,
where it 1s pulled by a dynien motor to a nuclear
envelope pore and handed over to the pore chan-
nel transport machinery {49-52]. Although the
NLS exact function is still obscure, it is likely to
be of great significance since mice missing the
NLS and the C-terminal region of the PTHrP
gene present decreased cellular proliferative
capacity and increased apoptosis in muliiple
tissues, retarded growth, carly senescence and
malnutrition leading to an early death {53].
In addition, in vitro studies indicate that the
midregion sequence retains a CDK 1/CDK2 phos-
phoryiation site at Thr [85] [54], which suggests
that transiocation of PTHIP 1s agsociated with
activation of the cell cycle {44, 55].

The PTHrP C-terminal domain 107-139 was
named osteostatin because this peptide inhibits
rat osteoclastic bone resorption with an incredibly
low EC_, value of 10" M [36, 56, 57].

12.2.2 PTHrP Receptors

PTHrP binds to, and activates, the G-protein
coupled receptor (GPCR) for PTH/PTHrP
(PTHIR) which is expressed in PTH and PTHIP
target cells such as osteoblasts in bone and renal
tubular cellts. PTHIR in humans and rodents is
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encoded by a multi-exon gene with potential for
alternate splicing and alternate promoter usage
[58]. The PTHIR geneis located on chromoseme
3 in humans and possesses 14 exons.

PTHIR has seven transmembrane spanning
domains [59] and has been cloned from opossum
kidney, rat bone, and human bone and kidney
[60-62]. The amino terminal region of PTH
{(1-34) and PTHrP (1-34) interacts with the
J-domain, the functional portion of the receptor
that contains the scven transmembrane-spanning
helices and the connecting loops [63].

Following receptor—agonist interaction, PTHIR
is activated and mediates not only the endocrine
actions of PTH, but also the autocrine/paracrine
actions of PTHrIP.

12.2.3 Normal Physisclogical
Functions of PTHrP

PTHrP 1s widely expressed in fetal and adult tis-
sues, including cartilage, bone, breast, skin, skel-
etal heart and smooth muscle, uterus and placenta,
as well as endocrine organs and the central ner
vous system [34, 35, 64]. PTHrP is a key regula-
tor for cellufar calcium transport and smooth
muscle cell contractility, and possesses crucial
roles in cell proliferation, development and dif-
ferentiation [35]. It is tmportant to note that the
known biological properties of PTHrP are not
only the results of its interaction with PTHIR and
its subsequent signal transduction cascades, but
also of PTHrP nuclear transiocation [65, 66].
PTHrP is known to stimulate or inhibit apoptosis
in various settings in a cell- or tissue-specific
manner [67-69]. These actions are mostly per-
formed in an autocnne/paracrine and intracrine
Taghion.

The biclogical actions of PTHrP are particu-
larly important for bone development during
endochondral bone formation. Targeted ablation
of Pthrp results in homozygous™ mice dying
shortly after birth and presenting abnormalities in
endochondral bone development [70]. In contrast,
heterozygous Pthrp™ animals are viable but
demonstrate a reduciion in trabecular bone vol-
ume and an early osteoporotic phenotype {71].

In addition, genetic mouse studies indicate
PTHrP regulates hair follicle development, mam-
mary epithelial development and tooth eruption
i72-76].

12.2.4 PTHrP in Mammary
Gland Development

During postnatal breast development in normal
mice, PTHrP appears o be expressed by both
Iuminal and myoepithelial cells of the mammary
gland {77, 78], while myoepithelial cells and
mammary stromal cells express the PTH/PTHIP
receptor. Both stromal and myoepithelial cells
are important in the branching growth of the
mammary gland during sexual maturation and
early pregnancy, and PTHrP ligand and receptor
are appropriately positioned to participate in this
process [77, 79, 80).

Pthrp-null mice die soon after birth of severe
musculo-skeletal defects [7Q], but Pthrp rescue
in the chondrocytes of these animals leads to a
phenotype compatible with life. This strategy
generates a mouse PTHrP-sufficient in chondro-
cytes, but PTHrP-null in all other sites including
breast. These mice are characterized by the
absence of normal epithelial-mesenchymal signal-
ing cascade, failure to form mammary mesen-
chyme and the resorption of nascent mammary
bud [73, 76].

12.3 PTHrP and Cancer Biology

12.3.1 Breast Cancer

Female breast cancer is 2 major medical problem
with significant public health and societal ramifi-
cations. Although breast cancer death rates have
declined in recent years, breast cancer rémains
the most commonly diagnosed cancer and the
second leading cause of cancer death in women
[81]. Since normal breast growth is regulated by
many hormones, growth factors and receptors, it
is not surprising that malignant cells derived from
breast tissue also express the same hormones,
growth factors and receptors. Numerous genes
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are controlled by complex regulatory networks
and involved in the development and progression
of breast cancer, and these genes are the key fac-
tors determining the characteristics of each tumor.

12.3.2 PTHrP and Cancer Development

PTHrP was originally discovered in patients with
MAH [5]; approximately 80% of hypercalcemic
patients with solid tumors have elevated PTHrP
plasma concentrations as a result of increased
secretion by the tumors [82]. However, PTHrP
expression is present in many tumor Lypes even in
the absence of hypercalcemia. For instance, the
great majority of breast cancer tumor samples
show positive staining for PTHrP, and strong
Pthrp gene activity in breast tumors is associated
with onset of bone metastases independent of
hypercalcemia [83—87].

Normal prostatic epithelial tissues express low
levels of PTHrP, as determined by immunohis-
tochemistry and in situ hybridization. In contrast,
overexpression of PTHIP is commen in prostate
cancer [88, 89], and many prostate cancer cell
lines in vitro and metastatic bone lesions in vivo
express PTHrP. PTHrP stimulates primary pros-
tate tumor growth and protects cells from apop-
totic stimuli [90]. PTHrP expression was found
in all major lung cancer cell types [91, 92] and
was most common in squamous cell lung cancer
[93]. While benign colorectal adenomas and non-
neoplastic adjacent mncosal epithelia show no
detectable PTHrP expression, about 95% of
colorectal adenocarcinomas overexpress PTHrP
mRNA and protein, and the expression level
is higher in poorly differentiated than in weli-
differentiated adenocarcinomas [94, 95]. In a
clinical study of 76 patients with various hemato-
logical malignancies, 50% of the 14 hypercalcae-
mic patients had significant elevation in plasma
PTHrP concentrations [96]. Similar observations
were made in stomach cancer where PTHrP is
expressed in 77% of gastric adenocarcinomas
without humoral hypercalcaemia. Tn contrast,
only 5% of adenomas and none of the non-
neoplastic epithelium showed PTHrP expression.

Simitarly, PTHrP expression was more commaon
in moderately differentiated adenocarcinomas
(95.5%} and poorly differentiated adenocarcino-
mas {100%) than in well-differentiated adenocar-
cinomas (43%). Furthermore, PTHrP expression
was more intense i the deeply invasive portions
than in the mucosal carcinomas [97].

It is welil established that PTHIP is the major
causative agent in MAH associated with a broad
range of tumors. However, this is only onc aspect
of the multiple facets of PTHrP in cancer biology.
Indeed, the complex growth factor-like properties
of PTHrP have shed new light onto potential roles
for this peptide in the reguiation of tumor growth
and invasion. In support of this, PTHrP expres-
sion has been shown to be under the control of
numerous growth and angiogenic factors such as
transforming growth factor (TGF-[3,) epidermal
growth factor (EGF), platelet-derived growth
factor (PDGF) and vascular endothelial growth
factor (VEGE) [98, 99]. Conversely, PTHIP stim-
ulates the expression of many of these factors in
various cell types and behaves as an angiogenic
factor in endothelial cells [98, 100, 101]. More
recently, PTHrP was shown to promote cell inva-
sion in vitro [102, 103]. These observations
clearly suggest a multifunctional rele for PTHrP
in cancer biology. Its functions include (1) regn-
lation of tumor cells growth, differentiation, and
progression; (2} induction of progression of oste-
olytic bone metastasis, (3} moderation of tumor
cell survival factors and interference with apop-
tosis signaling pathway.

12.3.3 PTHrP in Breast Cancer
Deveiopment

Breast cancer is frequently accompanied by
PTHrP-induced hypercalcemia in advanced
stages of the disease [25], and 50-60% of pri-
mary human breasi cancer tumors OVEIEXpress
PTHrP [85, 104, 105]. Several retrospective
siudies suggested that breast cancer patients with
PTHrP-positive primary tumors were more likely
to develop bone metastases compared to breast
cancer patients with PTHrP-negative tumors
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[85, 104--106). PTHrP is expressed in 68% of
surgically cxcised carly breast cancers, compared
with 100% of bone metastases [107], and 50% of
cases of early breast cancer expressed the PTHrP
receptor in contrast to 81% of cases of bone
metastases. PTHrP expression without concomi-
iant expression of its PTHIR receptor in primary
tumors correlaled with a reduced disease-free
survival with a mortality rate of 6%, while co-
expression of both predicted the worst clinical
outcome at 5 yecars with a mortality rate of 32%
[107]. A similar observation was noted regarding
the differential expression of PTHrP isoforms in
different stages of breast cancer. The levels of the
1-139 isoform mRNA was much higher in the
tumors of patients who later developed metasta-
ses than in those of patients who developed no
metastases. This mRNA isoform was also more
abundant in breast tumors from patients who
developed bone metastases than in those of paticents
who developed metastases in soft tissues. In con-
trast, the amounis of the 1-141 isoform mRNA in
these groups of tumors were similar [87].

A prospective study conducted by Dr Kremer’s
team 1in patients with malignancy-associated
hypercalcemia (including breast cancer patients)
indicated that elevated circulating levels of
PTHrP is an indicator of poor prognosis and is
associated with reduced survival (Fig 12.3) [108].
Intriguingly, however, a retrospective clinical
study of breast tumors collected at surgery sug-
gests a better outcome and survival in patients
whose primary tmor overexpresses PTHIP
[109, 110).

To shed light on this controversy, Sato and
co-workers treated animals presenting symp-
toms similar to those of HHM patients with a
humanized anti-PTHrP antibody. The animals
showed significant improvemeni in hypercalce-
mia and cachexia after antibody treatment [111].
Furthermore, administration of this antibody in
nude mice injected intra-cardiac with the human
breast cancer cell line MDA-MB-231 reduced the
ability of these cells to form bone metasiases
[112]. Animal studies using mice transplanted
with human tumors expressing PTHrP suggest
that the humanized anti-PTHrP antibody could

be an effective and beneficial agent for patients
with HHM. In vitro, overexpression of PTHrP in
the human breast cancer ceil {ine MCE-7 caused
an increase in mitogenesis, whereas the inhibition
of endogenous PTHrP production resulted in
decreased cell proliferation [113]. Enhanced
bone tumor growth was also observed when the
MCEF-7 cells were transfected to overexpress
PTHrP. Taken together, these results point to the
pro-tumorigenic effects of PTHeP [94].

12.3.4 Role of PTHrP in Breast
Cancer Metastasis toc Bone

The bone matrix contains large amounts of
growth factors such as type I collagen, insulin-
like growth factors {IGFs), transforming growth
factor o and 3 (TGF a and 3}, fibroblast growth
factors (FGF-1 and -2), platelet derived growth
factors (PDGFs) and bone morphogenic proteing
(BMPs) [114].

The bone remodeling cycle involves a series
of highly regulated steps which depend on the
interactions of two cell types, the mesenchymal
osteoblastic lineage and the hematopoietic osteo-
clastic lineage. Osteoblasts synthesize some of
the growth factors stored in the matrix during
bone formation. Most growth factors are released
in active form into the marrow when hone is
degraded during ostecclastic bone resorption.
The resorption areas provide a fertile microenvi-
ronment for tumor celf colonization and prolifer-
ation {115, 116].

The inner structure of bone consists of bone
marrow which is multicellular and contains
hematopoietic stem cells and stromal cells.
Hematopoietic stem cells differentiate into any
type of blood and immune ceils including mac-
rophages, lymphocytes and osteoclasts. Stromal
cells support the differentiation of the hematopoi-
etic stem cells but importantly, have the ability to
differentiate into osteoblasts {117]. In addition,
physical factors within the bone microenviron-
ment, iucluding low oxygen levels, acidic pH and
high extraccilular calcium concentrations may
also enhance tumor growth [118]. Furthermore,
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Fig.12.2 Serum icvels |
of PTHrP and survival

of patients with MAH.
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when the tumor cells stimulate osteoclastic
bone resorption, the bone microenvironment
becomes more enriched in bone-derived growth
factors that enhance survival of the cancer and
disrupt normal bone remodeling, resulting in bone
destruction.

Metastasis is the spread and growth of turmnor
cells to distant organs, and represents the most

Years

devastating atiribute of cancer. The common sites
for metastatic spread of breast cancer are bone,
lung and liver [119]. However, certain cancers
will form metastases in specific organs or tissues
at higher frequencies than predicted by blood
flow patterns atone, For instance, breast, prostate,
lung cancer and multiple myeloma frequently
metastasize to bone. Bone metastases are often
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Fig 12.5 Interactions driving osteoblastic melastases

broadly classified as osteolytic (proceeding
through bone destruction) (Fig. 12.4) or osteo-
blastic {(proceeding through aberrant bone forma-
tion) (Fig. 12.5). Osteolytic bone lesions are
typical of breast and lung carcinoma as well as
hematological malignancies such as multiple

Osteaoblast

myeloma. On the other hand, tumors in hone may
stimulate new bone formation resulting in osteo-
blastic bone metastasis, a situation most often
associated with prostate cancer although also
encountered in breast cancer. The osteolytic-
osteoblastic distinction is not absolute, as many



154

R. Kremer et al.

paticnts with bone metastases have both types of
lesions and individual metastatic lesions can
contain both osteolytic and osteoblastic compo-
nents. A dysregulation of the normal bone remod-
cling process is encountered in both types of
lesions [120].

According to the Stanley Paget “seed and
soil” hypothesis, tumor cells (seed) invading bone
provide growth factors that activate the hone
microenvironment (soil), which in tum produccs
growth factors that feed the twmor cells, creating
a vicious cycle of destructive mutual coopera-
tion [121].

PTHP has been shown to play a key role in
the osteoclastic bone resorption resulting from
breast cancer metastasis to bone because it acti-
vates local bone turnover and consequently par-
ticipates actively in the vicious cycle described
above [117, 122, 123}, It has to be noted that
PTHIP expression by breast cancer at metastatic
sites differs dramatically from expression at pri-
mary sites. In fact, only 50% of primary breast
cancers express PTIIP, whereas 92% of metasta-
ses of breast cancer to bone produce the peptide
[124]. The increased local PTHrP stumulates
RANKL expression and inhibits OPG secretion
by osteoblasts. RANKL binds to its receptor
RANK (expressed on osteoclasts) and enhances
the differentiation and fusion of active osteo-
clasts in the presence of the macrophage-colony-
stimulating factor. Bone-derived TGE-B, 1GEs
and FGFs released as a consequence of osteo-
clastic bone resorption stimulate tumor produc-
tion of PTHrP via different receptors present in
the cancer cells (PKC, MEEK, P38 MAPK and
Akt signaling pathway) [121, 125, 126]. Tumor
cells might contribute to the vicious cycle by
producing growth factors and cytokines which
in torm sostain tumor growth [127]. It is, how-
ever, unclear whether the predilection of these
cancers for spreading to bone results from the
induction of PTHrP in the bone microenviron-
meni, or whether tumors that produce PTHrP
are more likely to metastasize to bone [124]. In
contrast to its well-characterized role in bone
metastasis development, the rote of PTHrP in
tumor progression outside the skeleton remains
controversial.

12.4 Pthrp Gene Ablation

in Mammary Epithelial Cells

and Its Consequences

on Tumor Initiation,

Growth and Metastasis
12.4.1 Rationale
PTHIP is expressed in normal epithelial cells but
its expression increascs in breast cancer and
becomes associated with muitiple metastatic
lesions and reduced survival, It is, however, still
unknown whether PTHrP overexpression is
simply a consequence of tamor progression, or
whether it is mechanistically linked to the tamor
progression process from initiation to metastasis.
In order to shed light on this relationship, we
ablated the Pthrp genc in mammary epitheliai cells
and determined the consequences of this ablation
on tumor initiation, growth and metastasis.

We used a model in which PTHIP is specifi-
cally excised in mammary epithelial cells using
the cre-ioxPsystem. In this model, it is important
to note that Cre is expressed shortly after birth
(around 10 days) [128] but not during embryonic
development [129], making the system suitable
for the study of PTHrP roles in mammary develop-
ment during puberty as well as in tumeor initiation
arising from (he normal mammary epithelium.

12.4.2 MMTV-PyMT Breast
Cancer Mouse Model

In the MMTV-PyMT transgenic mouse maodei
[130], expression of the oncoprotein polyoma
middle T antigen (PyMT) 1s under the control of
the mouse marnmary tumor virus fong terminal
repeat (L1R) and its expression is restricted to the
mammary epithelium and absent from myoepi-
thelial and surrounding stromal cells.

PyMT, a membrane-attached protein, is
encoded by the small DNA polyoma virus. PyMT
1s not normally expressed in human breast umor
cells, but when overexpressed in the mammary
epithelium of transgenic mice, it acts as a potent
ancogene becauvse its product (MT oncoprotein)
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binds wvaricus receptors and activates several
signal transduction pathways, including those of
the Src family kinase, ras and the PI3K pathways,
which are frequently activated in human breast
cancers [131]. Src phosphorylates Y315, which
in turn directly activates the p85/p110/PI3K com-
plex, which then activates PDK1 and 2 and results
in AKT phosphorylation and activation {131].
Previous studies have shown thai PTHIP can act-
vate both ras [132] and AKT [133, 134} signaling
pathways.

12.4.3 Tumor Progression from
Hyperplasia to Metastastic
Carcinoma

Mammary hyperplasia can be detected in this
animal model as early as 4 weeks of age. The
hyperplasia then progresses to adenoma in 6
weeks, to early carcinoma in 9 weeks and to late
carcinoma 12 weeks, with pulmonary metastasis
present in [00% of animals. The MMTV-PyMT
mouse model of breast cancer is characterized by
a high icidence of fung metastasis with highly
reproducibie progression kinetics. Increased met-
astatic potential has been shown to depend on the
presence of macrophages in primary tumors and
on the establishment of a chemoattractant para-
crine loop of colony-stimulating factor-1 (CSE-1)
and EGI ligands between macrophages and
tamor cetls [135]. Although PyMT transgenic
mice do not develop bone metastasis per se,
metastatic cells are found in the bone marrow
relatively early and continue to grow in later
stages without evidence of bone metastasis [136]

12.4.4 Conditional Knockout of Pthrp
in Mammalian Epithelial Cells
of the MMTV-PyVMT
Transgenic Mouse Model

Disruption of the Pthrp gene in the mammary
epithelium of the PyVMT transgenic mouse
model produces muce that are homozygous
(PYyVMT-Pthrp®) or helerozygous (PyVMT-
Pthrp®@*) {or the floxed Pthrp allele. Both groups

of animals possess two active Prhrp alleles,
whether flanked by flox sequences or not. These
mice were crossed with a separate strain express-
ing Cre recombinase under the conirol of the
MMTYV promoter that targets Cre expression to the
mammary epithelium. Excision of flox-bordered
essential Prhrp sequences renders the gene non-
functional. The resulling homozygous mice
(PyVMI-Pthrpto: Cre'} therefore express no
PTHrP in the mammary epithelium, while the
heterozygous mice (PyVMTPthrp™™*: Cre®) pres-
ent lowered levels of PTHrP expression because
they retain one active Pthrp allele.

A significant consequence of reduction or
elimination of PTHrP expression in the mam-
mary epithelinm of the offspring is a marked
delzy in tumor onset. 100% of control animals
(normal PTHrP levels) present tumors by day 35,
while heterozygous (PTHrP haploinsufficiency)
and homozygous animals (abscnt PTHrP) rcach
this percentage by days 77 and 85, respectively.

Metastatic spread to lungs was similarly
reduced independent of tumor size, illustrating
the crucial importance of ablating PTHrP signal-
ing to preveni{ breast cancer progression and
metastasis [137].

Other Creflox studies indicate ablation of
floxed sequences in only 90% of the cells, leav-
ing 10% of the cells to potentially express the
knock-out protein. In order to overcome the prob-
fem of residual PTHrP expression, we isolated
cells from PyVMT Pthrp#: Cre” tumors, {rans-
fected them with an adenoCre-GIFP (or control
adeno-GFP) construct, subcultured the cells and
purified them by flow cytometry to obtain pure
populaticns of Cre* (or control Cre’) celis with
complete or no Pthrp ablation. When these cells
were transplanted into the mammary fat pad of
healthy syngeneic mice, tumor ouset was signifi-
cantly delayed post-tumor implantation in adeno-
Cre ammals compared to adeno-GFP controls
[137]. Tumor growth was also significantly
delayed in the adenoCre mice. Metastatic tumor
cells were detectable in the bone marrow of ade-
noCre animals during killing, confirming that this
mode! can be used to examine natural progres-
sion of breast cancer from the primary site to the
skeleton. The ablation of Pirp was aiso observed
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to inhibit GO/G1 to S transition in tumor cells, to
enhance tumor cell apoptosis {increased TUNEL
staining and decreased Bcel-2 expression) and to
decrease Aktl and increcase AK{2 expression
{137]. From these observations, we concluded
that PTHrP is critical for the initiation of mam-
mary fumorigenesis in vivo, and that ablation of
PTHrP expressicn in mammary epithetial tumor
cells inhibits tumor growth and metastasis by
scveral mechanisms.

12.5 Summary and Conclusion

PTHrP has been associated with cancer as the
causative agent for malignancy-associated hyper-
calcermia, and with progression of metastases in
the skeletal environment. We show that PTHrP is
involved in breast cancer initiation, growth and
metastasis, and we suggest that PTHIP plays a
role in a number of critical checkpoints for
PyVMT, which points to a novel role as a facihi-
tator of oncogenes and emphasizes the impor-
tance of attempting its targeting for therapeutic
purposes.
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